Abstract-Graphene is enabling a plethora of applications in a wide range of fields due to its unique electrical, mechanical, and optical properties. In the realm of wireless communications, graphene shows great promise for the implementation of miniaturized and tunable antennas in the terahertz band. These unique advantages open the door to disruptive wireless applications in highly integrated scenarios where conventional communications means cannot be employed. In this paper, recent advances in plasmonic graphene antennas are presented. Wireless Networkon-Chip (WNoC) and Software-Defined Metamaterials (SDMs), two new area-constrained applications uniquely suited to the characteristics of graphene antennas, are then described. The challenges in terms of antenna design and channel characterization are outlined for both case scenarios.
I. INTRODUCTION
Terahertz technology has made significant advances in the fields of spectroscopy, imaging and, more recently, wireless communications. In the latter, the use of this frequency band between 0.1 and 10 THz becomes extremely attractive due to the abundance of bandwidth and the potential for low area and power footprints, yet challenging given the large propagation losses and the lack of mature devices and circuits for terahertz operation. Maturity issues aside, this combination of features renders terahertz wireless communications desirable for highly integrated applications where area may be a decisive metric.
In the pursuit of fast and efficient means to transmit terahertz signals, graphene appears an excellent candidate for the implementation of new devices. Due to its unique electrical and optical properties, the potential of graphene has been indeed evaluated in the context of analog RF transistors [1] , metamaterials [2] , or broadband nanophotonics [3] , among others. Many of these works have highlighted the capacity of graphene to support Surface Plasmon Polariton (SPP) waves in the terahertz regime, which results in extreme confinement or tunability. This has allowed researchers to create fast and compact devices with unprecedented reconfigurability capabilities in the terahertz band. In this paper, we focus on the application of graphene in the field of antennas [4] . We first review current practices by analyzing designs from the literature that use graphene either as the radiating element (see Fig. 1 ) or in other parts of the antenna, e.g. the feed. Through the analysis, we discuss the miniaturization and reconfigurability opportunities enabled by graphene in these devices. Finally, we describe two new disruptive applications that will greatly benefit from the unique properties of graphene-based antennas: Wireless Network-onChips (WNoCs) and Software-Defined Metamaterials (SDMs). As we will see, both applications share the need for smaller form factors of wireless communication while maintaining certain application-dependent performance requirements.
The remainder of the paper is as follows. Section II outlines the fundamentals of graphene antennas, to then review a set of existing designs. Section III provides a context analysis of applications where graphene antennas can play a key role. Finally, Section IV concludes the paper.
II. GRAPHENE-BASED TERAHERTZ ANTENNAS
Graphene, a flat monolayer of carbon atoms tightly packed in a two-dimensional honeycomb lattice, has recently attracted the attention of the research community due to its extraordinary mechanical, electronic, and optical properties [5] . In antenna theory, first works followed findings by Hanson et al. on the propagation of electromagnetic waves on laterally- infinite graphene layers [6] . We review the formulations used to model the conductivity of graphene sheets in Section II-A. The plasmonic nature of the graphene conductivity in the terahertz band, where metals act as lossy non-plasmonic conductors, enables the creation of miniaturized and tunable devices. As we will see in Section II-B, these are the main arguments in favor of the use of graphene as the radiating element of terahertz antennas. First proposals, however, show a rather low efficiency and suggest that leveraging the tunability of graphene in elements other than the radiator would be more appropriate [7] . These are discussed in Section II-C.
A. Conductivity Model
The Kubo formalism is generally used to model the conductivity of graphene at terahertz frequencies [6] . The main approach considers that the sheets used in graphene-based antennas are large enough to disregard the effects of the graphene edges. Moreover, experimental results show that the Drude-like intraband contribution dominates, so that the conductivity can be expressed as
where e,h, and k B are constants corresponding to the charge of an electron, the reduced Planck constant, and the Boltzmann constant, respectively. Variables T , E F , and τ correspond to the temperature, the chemical potential, and the relaxation time of the graphene layer. Figure 2 plots the conductivity as a function of the latter two variables, which have a strong impact on the resonant frequency and radiation efficiency of the antennas. With σ(ω), graphene can be modeled as an infinitesimally thin surface with impedance Z(ω) = σ 1 (ω). The chemical potential E F refers to the level in the distribution of electron energies at which a quantum state is equally likely to be occupied or empty. The value of the chemical potential can be changed by means of an electrostatic bias or chemical doping, therefore providing means for reconfigurability. In general, the chemical potential variation ∆E F relates to the variation in voltage ∆V as ∆E F ∝ |∆V | [8] . As implied Fig. 2 (a), higher chemical potential leads to better performance through an increase of the conductivity.
The relaxation time τ is the interval required for a material to restore a uniform charge density after a charge distortion is introduced. Its value mainly depends on the interactions of electrons with scatterers, defects, and other phenomena that depend on the quality of the graphene sample, among others. In summary, sheets of high quality graphene will exhibit a large relaxation time which, as implied in Fig. 2(b) , is desirable to increase the conductivity and provide good antenna performance.
B. Graphene as the Radiating Element
First works on propagation of terahertz waves over graphene sheets led to a surge of proposals that, in essence, consist of a number of finite-size graphene layers (the radiating elements) mounted over a dielectric material and a feed to drive the signals to the antenna [4] . These antennas have been studied from different perspectives, namely: Antenna dimensions: We use CST MWS [9] to simulate the dipole shown in Fig. 1 with a simple stack of graphene over Low Index Material (LIM). The width is W = 8 µm, the gap is G = 3 µm, the substrate is quartz with permittivity ε r = 3.8, whereas τ = 1 ps and E F = 0.2 eV. The length L is variable. Fig. 3(a) shows how longer dipoles lead to lower resonance points, as one would expect. Note, however, that metallic dipoles of the same length would theoretically resonate at much higher frequencies, as observed in Fig. 3(b) (we took the working point where [Z] = 0 and [Z] is high). The use of graphene does not change the radiation pattern at resonance as proved in other works [4] . The maximum gain (IEEE) and the simulated radiation efficiency are relatively low in the considered cases, around -10 dB and 4.5%, respectively. Chemical potential: Consider a dipole with W = 8 µm, L = 20 µm, G = 3 µm, with τ = 1 ps and ε r = 3.8. Fig. 4 shows the resonance characteristics of the antenna as a function of the chemical potential. The increase of chemical potential leads to a significant shift of the resonant frequency and to an enhancement of the antenna response without changes in the radiation pattern. The efficiency and gain increase (52% and -0.46 dB for E F = 0.8 eV), but at the expense of having to apply an increasing bias. Relaxation time: Now consider a dipole with E F = 0.6 eV and variable τ . Fig. 5 shows how the antenna maintains the same resonant frequency as the relaxation time is increased, but exhibiting a stronger resonant behavior. This translates into a higher efficiency and gain (32% and -2.34 dB for τ = 1 ps) due to the better carrier mobility of the graphene sheets. Achieving such high relaxation times, however, requires the use of substrates such as boron nitride [10] or advances in the fabrication of monolayers. Radiating element stack: although laying monolayer graphene sheets to form an antenna produces interesting results, more complex stacks like that depicted in Fig. 1 have been examined. Gómez-Díaz et al. propose to place two graphene monolayers separated by a thin dielectric to achieve biasing without the need of additional gates [11] .
Also, our previous work in [12] considers multiple stack combinations of graphene sheets with LIM and High Index Material (HIM) layers to increase the efficiency of the antenna for fixed τ and E F . To evaluate this, we simulated the different stacks shown in the right part of Fig. 6 for different E F values and considering τ = 0.6 ps and the dimensions indicated in [12] . The top chart of Fig. 6 shows how the efficiency, measured in terms of the normalized propagation length L p of the SPP waves within the stack, is significantly improved in hybrid configurations, i.e. those including HIMs. Such increase is achieved by means of the coupling of plasmons with dielectric waveguide modes, but at the expense of a reduction of the tunability and miniaturization. The loss of tunability is demonstrated by the small variation in terms of effective refractive index n ef f observed in the center plot of Fig. 6 for the H1G and H2G stacks. The loss of miniaturization is shown in the bottom plot: hybrid configurations have a much larger resonant length L res . These results uncover interesting tradeoffs for the design of graphene-based terahertz antennas. We refer the interested reader to [12] for more details. Terahertz source: Several works have discussed the possibility of employing a photomixer to approach the antenna. Its impedance, typically on the order of 10 kΩ, leads to a reasonable matching with the relatively high impedance of the graphene dipole [7] . Similarly, Cabellos et al. have proposed to use a photoconductor working in pulsed mode to excite the antenna [10] . In this configuration, a photoconductive material (e.g. LT-GaAs) would be placed at the gap between the dipole arms and would be illuminated with a laser with femtosecond pulses. If an electrostatic bias is applied, this generates a photocurrent with terahertz components that enters the antenna. A unique trait of graphene photoconductive antennas is that the bias voltage could have a double effect on performance since increasing the bias theoretically augments both the generated photocurrent and the antenna efficiency.
Although the use of photoconductive sources may be useful for the experimental validation of graphene antennas, it results impractical for area-constrained applications. Instead, compact electronic terahertz sources are required. In this direction, Jornet et al. propose the use of a High Electron Mobility Transistor (HEMT) with graphene-based gate. If the transistor is sized properly, the application of voltage generates a terahertz plasma wave at the gate [13] . This wave can be fed into the graphene antenna without contact issues and reducing the impedance mismatch problems. However, a direct comparison of the efficiency of HEMT-based and photoconductive sources becomes challenging due to their radically different working principles.
C. Graphene as an Auxiliary Element
Another research line attempts to exploit the reconfigurability potential of graphene and to avoid losses by not using it as the radiating element. For instance, a few works propose to use graphene sheets to provide frequency tunability to a metallic structure that can radiate with a fair efficiency in the terahertz band [14] . Also, in [15] , the authors implement the ground plane of a terahertz antenna using an array of graphene patches that form a switchable High Impedance Surface (HIS), such that by reconfiguring the HIS at real time, beam steering can be performed in a fast and fine-grained fashion. Others have proposed to use a similar technique for the design of reflectarrays with very low complexity [16] .
III. AREA-CONSTRAINED APPLICATIONS
Wireless NanoSensor Networks (WNSNs) are one of the first wireless applications with evident area constraints sug- [17] .
Here, we go beyond WNSNs and describe two new areaconstrained applications that are uniquely suited to the characteristics of graphene-based terahertz antennas. Their main communication requirements are summarized in Table I .
Software-Defined Metamaterials (SDM). Metamaterials have recently enabled the realization of novel electromagnetic components with engineered functionalities, but have very limited room for reusability or adaptability. The SDM paradigm aims to address this issue by providing reconfigurability at runtime using a set of software primitives [18] . To this end, SDMs require the integration of a (possibly wireless) network of controllers within the metamaterial, where each controller interacts locally and communicates globally to obtain the programmed behavior. Since the metamaterial building blocks are generally around λ/10 in size, SDMs for mmWave or terahertz applications may require the use of microscale antennas to interconnect the controllers. Unlike WNSNs, however, the SDM network is highly integrated within a single physical device. This may complicate the antenna design and the channel characterization, as multiple sources of coupling and interference appear. Two examples of such impairments are near-field effects between adjacent antennas or the interference between the waves used to communicate and the waves that the metamaterial aims to manipulate.
Wireless Network-on-Chip (WNoC). Multicore processors require an on-chip network to interconnect the multiple computing cores that work in parallel. With the advent of manycore processors, the WNoC paradigm advocates for placing multiple antennas within the same chip to wirelessly communicate its cores, thereby complementing existing wired networks to address their performance and efficiency bottlenecks [19] . In this scenario, usage of chip area is a primary design constraint and must be minimized, especially as more cores are integrated within the same chip. Yet more important are the high bandwidth requirements, in the 10-100 Gbps range, which together with the chip area constraints suggest the use of graphene-based terahertz antennas. As in the SDM scenario, WNoCs are integrated in a planar and highly integrated environment, which challenges the antenna design and channel characterization. In this case, multipath and the interaction of electromagnetic waves with the chip package are important concerns.
IV. CONCLUSION
Graphene-based antennas present unique miniaturization and tunability features in the terahertz band. These, however, will come at the cost of reduced radiation efficiency unless the quality of the graphene monolayers is improved in the near future. We have observed that stacks containing multiple graphene monolayers and thin dielectric layers exhibit similar tradeoffs between the different performance characteristics. This analysis may guide the design of antennas for areaconstrained applications, as scenarios like SDM may tolerate higher loss in exchange for miniaturization, whereas scenarios like WNoC may give priority to performance and reconfigurability over miniaturization.
